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Recent CP asymmetry measurements in tree-dominated processes, 5° — > , p + p~ , p ± ir^ 1 , B + — > DK + , 

and in penguin-dominated decays, B — * ty° 'Ks,r/' ' Ks,4>Ks, are interpreted in the framework of the Kobayashi- 
Maskawa (KM) mechanism of CP violation. The KM phase emerges as the dominant source of CP violation in tree- 
dominated decays, which are beginning to constrain the unitarity triangle beyond other constraints. Improving 
precision of CP asymmetry measurements in penguin-dominated decays may indicate the need for new physics. 



1. INTRODUCTION 

Measurements of time-dependent CP asymme- 
tries in 6 — * ccs decays including B — ► J/tpKs, 
carried out in the past few years at the two e + e~ 
B factories at SLAC and KEK J], are interpreted 
in the Standard Model as sin 2(3 sin Ami, where 
(3 = arg(— V t bV t * d V c dV* b ) . These measurements 
were proposed in [z] to provide a first test of 
the Kobayashi-Maskawa mechanism of CP vio- 
lation 3 in the B meson system. This test is 
theoretically clean because a single weak phase 
dominates B — > J/ipKs within a fraction of 
a percent |4I5| . These measurements have not 
only passed successfully the Standard Model test; 
they also improve our knowledge of the Cabibbo- 
Kobayashi-Maskawa (CKM) matrix parametrized 
in terms of the unitarity triangle. (See Fig. 1 [S].) 
A recent time and angular analysis of B — > 
J/ifjK* [7| seems to resolve the plotted ambi- 
guity, (3 -> tt/2 - p. 

CP asymmetries in B decays are often related 
to the three angles of the unitarity triangle, for 
which currently allowed ranges are, at 95% confi- 
dence level (CL) ®: 




78° < a < 122°, 21° < j3 < 27°, 38° < 7 < 80°(1) 

The essence of measuring CP asymmetries in a 
variety of B and B s decays is first to see whether 
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Figure 1. CKM constraints 0. 



the measured asymmetries are consistent with 
Then one would like to restrict these ranges 
further, hoping to eventually observe deviations 
from Standard Model expectations. A class of 
processes, susceptible to a possibe early observa- 
tion of new physics, mimicking loop effects, con- 
sists of b —>■ s penguin-dominated B° decays into 
CP-eigenstates where CP asymmetries may 
deviate from sin 2/3. 

While the phase 2/3 characterizes CP viola- 
tion in the interference between B° — B mix- 
ing and a b — > ccs decay amplitude or a b — > s 
penguin-dominated amplitude, the phase 7 = 
B.Tg(—V u bV* d V c dV* b ) is responsible for direct CP 
violation. The phase a = 7r — [3 — 7 occurs when 
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B° — B mixing interferes with b — > uud, where 
an additional b — > d penguin amplitude implies 
also direct CP violation. Since a direct CP asym- 
metry involves a ratio of two hadronic amplitudes 
and their relative strong phase, both of which are 
not reliably calculable, one faces hadronic uncer- 
tainties whenever one is relating CP asymmetries 
to 7 or a. 

A model-independent way of resolving or at 
least reducing these uncertainties is by flavor 
symmetries, isospin or broken SU(3), relating cer- 
tain processes to others. SU(3) breaking correc- 
tions are introduced using QCD factorization re- 
sults proven in a framework of a Soft Collinear 
Effective Theory jHJ. 

An impressive progress is being reported at 
this conference in measurements of CP asymme- 
tries |1UI11I12] . The purpose of my talk is to 
study theoretical implications of these measure- 
ments. In Section 2 I discuss tree dominated de- 
cays, including B°(t) — » tt + it~ , p + p~ , p^ir^ . Sec- 
tion 3 studies pure tree decays i? ± — > DK^, 
while Section 4 focuses on penguin-dominated 
processes, B°(t) — > TT°Ks,r]'Ks,(pKs. Section 5 
concludes. 

2. TREE DOMINATING DECAYS 



p+p 



2.1. B° -> tt+tt- and B 

The amplitude for B° — > ir + ir~ contains two 
terms 1 115) . conventionally denoted "tree" and 
"penguin" amplitudes, T and P, involving a weak 
phase 7 and a strong phase 5: 

A{B° -> tt+tO = |T|e 17 + \P\e u . (2) 

The time-dependent decay rates, for an initial B a 
or a B , are given by 0] 

T{B°{t)/B°(t) -» tt+tT) oc 

[1 ± cos A(mt) =F sin(Ami)] (3) 



-n 



where 

= ^^ = VT~C^sin2a cS , (4) 
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_ 24/3 A(B°^7r+7r-) 



-► 7T+7T-)' 



(5) 
(6) 



Recent measurements by the BaBar ^3] an d 
Belle collaborations, which Belle used to an- 
nounce evidence for CP violation, are 



BaBar 

C„ -0.19 ±0.19 ±0.05 
Si^ -0.40 ±0.22 ±0.03 

These values imply averages, 



Belle 
-0.58 ±0.15 ±0.07, 
-1.00 ±0.21 ±0.07. 



C wn = -0.46 ±0.13, = -0.74 ±0.16, (7) 
which also determine a range for sin2a ff. 

2.1.1 Isospin symmetry in B — > 7T7T 

Since the two measurables, S vn and C^, de- 
pend on r = \P/T\,5, 7 (and /3 which may be 
assumed to be given), one needs further informa- 
tion to study the weak phase. This information 
is provided by isospin symmetry |15j . which dis- 
tinguishes between tree and penguin amplitudes, 
also relating a tiny electroweak penguin term to 
the tree amplitude ^H] ■ One forms an isospin tri- 
angle for B decays and a similar one for B decays, 



A{n+n-) + V2A(7r°7r°) = ^A{tt+tt°). 



(8) 



A mismatch angle between the two triangles de- 
termines 2(a c ff — a), which then fixes a from 
sin 2a e ff up to a discrete ambiguity. 

As long as separate B° and B decays into 7r°7r° 
have not yet been measured, one may try to use 
the three measured charge averaged decay rates 
for bounds on a c g — a |17| . Current branching 
ratios of the three processes in Q are, in units 
of 10~ 6 18 , 4.6 ± 0.4, 1.9 ± 0.5 and 5.2 ± 0.8, 
respectively. These values imply \a c g — a\ < 49° 
at 90% CL, which is not very useful because of 
the sizable branching ratio into 7r°7r°. 

2.1.2 Isospin symmetry in B — ► pp 

The two p mesons in B — ► pp are described by 
three possible polarization states, longitudinal or 
transverse to the momentum direction, parallel 
or orthogonal to each other in the case of trans- 
versely polarized states. Angular distributions of 
the outgoing pions measured by BaBar ^9 20 
show that the p mesons are dominantly longitu- 
dinally polarized, r L /r = 0.99 ± 0.03±°;°3, de- 
scribing CP-even states. That is, the case of 
B° — > p + p~ is almost identical to the case of 
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B° — > 7r + 7r~, albeit a possible small correction 
from a CP-odd state, and a slight violation of the 
B — > pp isospin relation when the two p mesons 
are observed at different invariant masses |21j . 

Time-dependent asymmetries in B° — » p + p~ , 
analogous to CV^ and SVtt m 0, were measured 
by BaBar for longitudinally polarized p's |2()| . 



where i?„ 



1 — 2rz + r and 



C 



-0.17 ±0.27 ±0.14, 



S pp = -0.42 ±0.42 ±0.14. 



(9) 



This implies two possible central values a c fr = 
103°, 167° with large experimental errors. A 
small branching ratio of B — ► p°p°, B(p°p°) < 
2.1 x 10" 6 [22], much smaller than B{p + p ) = 
(25 ± 9) x 10" 6 ED] and i3(p+p°) = (26 ± 6) x 
10- 6 [221231, implies a 90% CL upper bound 
|a off - a\ < 17° Q2]. This bound and © ex- 
clude the range 19° < a < 71° at 90% CL [23 
consistent with JJJ. 

Broken SU(3) symmetry for B — > 7r + 7r~ 

As long as separate B° and £? decays into 7r 7r 
have not yet been measured, one may replace 
isospin symmetry by the less precise flavor SU(3) 
symmetry relating B — > tttt to B — ► A"7r |24I25| . 
This imposes constraints on the ratio of penguin- 
to-tree amplitudes in _B — > 7T7t, r = \P/T\. To im- 
prove the quality of the analysis, one introduces 
SU(3) breaking in tree amplitudes in terms of a 
ratio of K and 7r decay constants, as given by fac- 
torization 9 , neglecting a very small variation of 
the B to 7r form factor when q 2 varies from m 2 
to m 2 K . This assumption and the neglect of small 
annihilation amplitudes may be checked experi- 
mentally Here we follow briefly a study presented 
recently in |26| . which contains further references. 

Writing [A = A/(l - A 2 /2) = 0.230] 



A(B+ -> A°7r+) = -A -1 Pe i 



(10) 



f. 



A(B°^K + tt-) = -±^\Te l ~< + \- 1 Pe lS , 

fir 

one defines two ratios of charged averaged rates, 



K + = 



n 



\ 2 T(B+ K°ir+) r 2 



T(B° -> 7T+7T-) 



^77 



(11) 



A 2 f(g° -> A+7T-) _ r 2 + 2rA' 2 ;z + A'' 

f (B° - 7T+7T-) ~ fl^ 



X' = \j — X, z = cos<5cos(/3 + a). 



(12) 



Current experimental values |18|. 

= 0.235 ±0.026, "K = 0.209 ±0.020, (13) 

imply a large penguin amplitude 

0.51 < r < 0.85 (assuming \8\ < it/2). (14) 

This range is consistent with a recent global 
SU(3) fit to charmless B decays into two pseu- 
doscalar mesons, B — > PP [27128) . However, it is 
somewhat in conflict with most Q CD-based cal- 
culations which typically obtain smaller values for 

A study of a using the CP asymmetries CW 
and SVw proceeds as follows. One expresses the 
two asymmetries in terms of r, 8 and a, 



Sji 



2r sin 6 sin(/3 + a) 

P-7T7T 



(15) 



sin 2a + 2r cos 8 sin(/3 — a) — r sin 2(3 

P-K1T 



We now impose in addition the SU(3) constraints 




Figure 2. Curves of vs. SV™- 
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and (|13[) . The resulting two plots of C n7r 
vs. SVtt 126) . shown in Fig. 2(a) using 7?. + and 
in Fig. 2(b) using 7?-o, are rather similar, sup- 
porting the SU(3) assumption in these processes. 
The plotted experimental average (7) implies an 
allowed range, a = (104 ± 18)°, which overlaps 
nicely with the range of a in QJ, favoring large 
values in this range. 

SU(3) breaking corrections in penguin ampli- 
tudes modify the allowed range of a. The bounds 
become stronger (weaker) if SU(3) breaking en- 
hances (suppresses) the penguin amplitude in 
B —>■ Kit relative to B ^ tttt. A 22% SU(3) cor- 
rection, implied for instance by a factor fx/ f v 
(or by its inverse), modifies the bounds by 8°. 

2.2. Broken SU(3) symmetry for B — > j o ± Tr T 
Very recently broken flavor SU(3) has also been 
applied to study a in B°(t) -> p ± n T [23 ■ The 
number of hadronic parameters and the number 
of measurable quantities are twice as large as in 



B° 



which complicates somewhat the 



analysis. Here we discuss only a bound on a, 
while a complete determination of a will be pre- 
sented by J. Zupan at this conference |31| . 

Time-dependent decay rates for initially B° de- 
caying into p^tt^ are given by |32| . 

T(B°(t) -> p ± tt t ) oc 1 + (C ± AC) cos Ami 

-(S± AS) sin Ami, (16) 



while for initially B° decays the cos Ami and 
sin Ami terms have opposite signs. As in B — ► 
7r + 7r~, one defines a measurable phase, a e s, 
which equals a in the limit of vanishing penguin 
amplitudes, 



4a, 



(5 + AS)A/1-(C + AC) : 



(S- AS)/y/l- (C- AC) 2 .(17) 



The difference \a c s — a\, which is governed 
by penguin contributions, can be shown to be 
bounded by ratios of strangeness changing de- 
cay rates of B — > K*tt and B — > Kp (domi- 
nated by penguin amplitudes) and decay rates of 
B — > p + n~ and B —>■ p~ir + (dominated by tree 
amplitudes). In particular, using the following 
two ratios of rates, 



K°_ = X 2 r{B° -> p-K+)Y{B° p-iT+), (18) 
one may show that 

2|a G ff — ot\ < arcsin yj 1Z\ + arcsin (19) 
Using current values |18j 

"R.% = 0.032 ± 0.007, K°_ = 0.047 ± 0.015, (20) 

one obtains an upper bound at 90% CL, 

K ff - a\ < 12°. (21) 

This bound, which assumes exact SU(3) for pen- 
guin amplitudes, becomes stronger (weaker) if 
AS = 1 penguin amplitudes are enhanced (sup- 
pressed) relative to AS = penguin amplitudes. 
In any event, one expects this bound to change 
by no more than 30%, implying |a c ff — a\ < 15° 
in the presence of SU(3) breaking corrections. 

Both BaBar 6 33] and Belle measured 
time-dependence in B° — 

r j 0.35 ±0.14 
( 1 0.25 ±0.17 A ° 



S 



-0.13±0.18 
-0.28 ±0.24 



AS 



0.20 ±0.14 
0.38 ±0.18 

0.33 ±0.18 
-0.30 ±0.26 



(22) 



(23) 



(25) 



= X 2 T(B+ -» K*°n+)/T(B -> p+ir~), 



where the first values are BaBar's and the second 
are Belle's. These values imply single solutions, 

(93 ±7)° BaBar 

(102 ±11)° Belle, 1 ' 

when making a mild and experimentally testable 
assumption [30] that the two arcsin's in l|17l) differ 
by much less than 180°. Combining (|24() with the 
above upper bound on \a c s — oe\ one obtains 

(93 ± 7 ± 15)° = (93 ± 17)° BaBar 
(102 ± 11 ± 15)° = (102 ± 19)°Belle 

where experimental and theoretical errors are 
added in quadrature. These values are in good 
agreement with the range of a in Q and largely 
overlap with this range. 

One may show that the relative contributions 
of penguin amplitudes in B° — > p^n^ are much 
smaller than in B° — > tt + it~, involving ratios of 
penguin and tree amplitudes, r± ~ 0.2 {271291 
30 3^. Consequently, effects of SU(3) breaking 
in penguin amplitude lead to an intrinsic uncer- 
tainty of only a few degrees in the determination 
of a in B°{t) -> p ± Tr^ z 
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3. PURE TREE DECAYS B ± -> Dif± 

The process B + — > DK + and its charge conju- 
gate provide a way of determining 7 in a manner 
which is pure in principle, avoiding uncertainties 
in penguin amplitudes. Here we wish to study 
a scheme proposed in which uses both D° 
CP-eigenstates and D° flavor states. An exten- 
sive list of variants of this method is given in |36| . 
In all variants one makes use of an interference 
between tree amplitudes in decays of the type 
B — ► DK , from b — > cus and b —> ucs, for 
which the weak phase difference is 7. We choose 
to also discuss briefly one variant |37| . in which 
the Dalitz plot of D° — ► i^s7r + 7r _ is being ana- 
lyzed in B ± ->■ . 

We denote by r the magnitude of the ratio of 
two amplitudes, A(B + — > J D°i\T + ) from b — > ucs 
and A(_B + — > D°K + ) from 6 — > cus, and we de- 
note by ^ the strong phase of this ratio. One then 
obtains the following expressions for two ratios of 
rates, for even and odd D°-CP states, and for two 
corresponding CP asymmetries: 

T(D CP± K-)+T(D° CP± K+) 

* T{D°K') 

= 1 + r 2 ± 2rcos<5cos7, (26) 

= r(j° P± if-)-r(j° P± A-+) 

* T(D° CP± K-)+T(D° CP± K+) 

= ±2rsm6smj/R±. (27) 

In principle, these three independent observables 
determine r, (5 and 7. However, this is diffi- 
cult in practice since one must be sensitive to 
an r 2 term, where the current 90% CL upper 
limit on r is r < 0.22 j^H]- A crude estimate 
is r ~ 0.2 (31), since this ratio involves a CKM 
factor, \V: b V cs /V; b V us \ = 0.4 - 0.5, and probably 
a comparable color-suppression factor. 

Taking averages of Belle and BaBar measure- 
ments when both are available, one finds 0D] 

R+ = 1.09 ± 0.16 (Belle & BaBar), 

R- = 1.30 ±0.25 (Belle), 

A+ = 0.07 ±0.13 (Belle & BaBar), 

A_ = -0.19 ±0.18 (Belle). (28) 



L - v A ± = 




- |A ± | = 0.22 — \ 




-R_(-1ct) / 




^R + (-1ct)/ 


■ 


r " " " ^ ±=0 





0.6 



BO 40 60 80 

7 (degrees) 



Figure 3. R± as functions of 7 for r — 0.22 and 
\A±\ = 0.22 (solid curve) or A± = (dashed 
curve). Horizontal dashed lines denote la exper- 
imental lower limits of i?_ and R + . 



This implies 

r = 0.44t°it |A±| avo = 0.11 ±0.11. (29) 

In order to obtain constraints on 7 we eliminate 
5, plotting in Fig. 3 R± versus 7 for allowed A±. 
We are using la bounds on r, R± and |A±| avc . 
The ratios R + and R- are described by the lower 
and upper branches, respectively, corresponding 
to cos S cos 7 < 0. This implies a very strong la 
lower bound, 7 > 72°, and requires cos 5 < for 
allowed values of 7. More precise measurements 
of R± are needed for constraints beyond la. 

A recent study by Belle of B ± -> D^K ± O 
41., analyzed the Dalitz plot for D — > Xs7r + 7r~ 
in terms of a sum of a non-resonant term and a 
set of resonances given by Breit-Wigner forms. 
This study, involving some model-dependence, 
confirmed cos<5 < and obtained 2a bounds, 
26° < 7 < 126°, considerably wider than and 
including the range of 7 in 

4. PENGUIN DOMINATED DECAYS 

In a class of penguin-dominated B decays into 
CP-eigenstates, including the final states / = 
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Ka, de- 



ir°K s , jfK s , cj>K s and (K + K~) 
cay amplitudes contain two terms: a penguin am- 
plitude, p'f, involving a dominant CKM factor 



, and a color-suppressed tree amplitude, C 



v:„v cl 

with a smaller CKM factor V* b V x 



/' 

The first am- 
plitude by itself would imply a CP asymmetry 
of magnitude sin 2/3 sin Ami. The second ampli- 
tude modifies the coefficient of this term, and in- 
troduces a cos Ami term in the asymmetry 0|. 
The coefficients of sin Amt and cos Amt for a fi- 
nal state / are denoted by Sf and — Cf, respec- 
tively, as given in Eq. © for B — ► 7r + 7r~. The 
observables, AS/ = S/ ± sin 2/3 (where the sign 
depends on the final state CP) and C/, increase 
with |c'j/pj|, but are functions of unknown strong 
interaction phases. A search for new physics ef- 
fects in these processes requires a careful theoret- 
ical analysis within the Standard Model of ASf 
and Cf and not only of \c'f/p'f\. 

Model-independent studies of the ratios 
\dJp'f\, providing estimates for ASf for the 
were performed in |34I42| . 
143144) in order to ob- 
tain correlated bounds directly on Sf and Cf in 
the two cases of B° -> tt K s and B° -> rfK s . 
For simplicity of expressions we will expand the 
two asymmetries up to terms linear in \c'j/p'^\. 
We will not study theoretical bounds on asym- 
metries in B — * 4>Ks., where one is awaiting 
a greater consistency between BaBar and Belle 
measurements |45) . 

4.1. B° -> tt°K s 
Writing 



above final states, 
Here we will follow Ref. 



A(B° -» 7r°if°) = \p'\e lS ' - \c'\e l \ 

and denoting r' = \c'/p'\, one obtains @] 



(30) 



Sun ~ sin 2/3 — 2r' cos 2/3 sin 7 cos 5', 

C nK w — 2r' sin 7 sin J'. (31) 

The allowed region in the (SW, CVif ) plane is 
confined to an ellipse centered at (sin 2/3,0), 
with semi-principal axes 2[r' shi7] max cos 2/3 and 
2[r' sin7] max . An approximate ellipse providing 
these bounds is obtained by relating B° — > tt°K° 
within flavor SU(3) to B° -> vr 7r° and £° -► 
if+if - . For simplicity, we will first neglect the 



second process given by an exchange-type ampli- 
tude which is expected to be negligible, ft then 
follows from SU(3) that 

A(B° -> ttV) = -X\p'\e i5 ' 
Defining a ratio of rates, 



Z7 



(32) 



R 



X 2 B{B° 



with = 0.0084 ± 0.0023 (H], one has 



R 



IT I K 



+ A 4 + 2A V cos <5' cos 7 



(33) 



(34) 



1 + r' 2 — 2r' cos <5' cos 7 

A scatter plot of \C„k\ vs. SW, using (|3"4")l and 
exact expressions instead of ()31(l . is shown in 
Fig. 4 02] ■ It describes the allowed region. Also 
shown is the experimental point given by a BaBar 
measurement |46j . The inner ellipse, which is ex- 
cluded when neglecting A(B° — > K + K~), is still 
allowed when using the current upper bound on 
this amplitude. In any event, current errors in 
the asymmetries are seen to be too large to pro- 
vide a sensitive test for new physics, and must be 
improved for such a test. 



OO 0.2 



0.4 
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Figure 4. Points in (S^k, ICWI) plane satisfying 

ED. 



4.2. B° -> j/ifs 

In order to apply SU(3) to asymmetries in 
B° — ► rj'Kg, where measurements are |47|. 



SV a: = 0.27 ± 0.21, C V > K = 0.04 ± 0.13, 



(35) 



7 



one may optimize bounds over a whole continuum 
of combinations of corresponding strangeness 
conserving decays. These include B° decays in- 
volving 7r , 77 and vj in the final state. Consid- 
erable improvements in some of these branching 
ratios were achieved recently by BaBar |48|. The 
resulting bounds are shown in Fig. 5 [44] . Regions 
enclosed by the solid (dashed) curve give current 
bounds including (neglecting) annihilation-type 
amplitudes, while earlier bounds are given by the 
dot-dashed curve. Also shown is a point labeled 
x denoting the central value predicted in a global 
SU(3) fit to B -> PP 27 . With recent improve- 
ment in bounds on AS = rates, only a mild 
improvement in the asymmetry measurements is 
required for achieving sensitivity to new physics. 




7/k 



Figure 5. Allowed regions in (S v >k, Cy#r) plane. 



5. CONCLUSIONS 

• Nothing is as pure and easy as B — > J/tpKs- 

• The evidence for CP violation in B — » 



nism, and is beginning to exclude low values 
of a permitted by other CKM bounds. 

• CP asymmetries in B° — > p + p~ exclude val- 
ues a < 71°, in agreement with CKM con- 
straints. Smaller errors in asymmetry mea- 
surements may restrict the range of a. 



• Bounds on a from B — *■ p^n^ overlap nicely 
with the range obtained from other CKM 
constraints. The intrinsic uncertainty from 
SU(3) breaking is merely a few degrees. 

• Current B + — > DK + measurements are 
consistent with CKM constraints on 7 and 
require more statistics for stronger bounds. 

• All this indicates that the KM phase gov- 
erns CP violation in tree-dominated decays. 

• Some improvement in asymmetry measure- 
ments in B° — > ir°Ks,r]'Ks, and conver- 
gence of BaBar and Belle in B° — > <j>Ks, 
are required for sensitivity to new physics. 

I am grateful to Cheng- Wei Chiang, Jonathan 
Rosner, Denis Suprun and Jure Zupan for enjoy- 
able collaborations. 
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